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(1) 
Suppose flow is subc·ri.tica·l in a· ·chann~l .where. a (ree over- . 
' fa.11 exists. The cr.iti~.al depth, ycr' occurs upstream ·of the ove·rfall 
while at the overfall itself a depth, called end deptJl, ye, Jhich is 
. 
. ' ., . . . 
smaller than the critical depth, occurs. This is shown in Figure 1. 
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. y·' and the normal (uniform) depJ:h, y , can ·be measured without dif-' .e - . o. -
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the discharge can readily be- determined. 
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. 1 . INTRODUCTION ~ .. 
.. . 
------------- ------ --------------
--- ------ ... --------· 
1.1 General 
;:r-· -
-.. 
• Flow in an open ·channel_ is understood ~o b1e flow of a 
liquid with a free surface. Flow----1--s un!f-ei:m- if no-chc1nge in_ dep~-~----~- _________________ _ 
takes pl'ace; the depth occ_urring at uniform flow is ·referred to as ,. 
the normal d~pth, y0 . ·Ina rectangular channel with .a free over-
fall the flow far upstream from the overfall is uniform... As the 
' \ 
\ 
\ . - .... -- \ - - --free ove_rfall _occuI"-s-, ----t-h-e-----de-p-t-h-of---flow· de-cr-ea-ses. un-til a m1n1.muw 
\ 
\ depth occ-urs. at the overfall ~self. The --d~pth at the free overfall 
is called the end depth, -y , which is, als~ the depth with minimum -- \ - e 
-
specific energy; hence, it is the critical depth, !er' for the 
curvilinear flow at the overfall-. 
... 
I . 
' 
-~ 
. 
-~------,·-- --,-~----.---~~--------_-------
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. ' 
The critical d-ep.·th, y , fpr unifotm rectilinear flov.1 occurs'' er 
· · · 
at a location upstream from the edge of ,the overfall. This depth 
cannot be m-easured readily,· si:n·e-e the location of its occurrence 'i-s: 
not known. However, knowledge ,of this depth, y , would offer a er 
3---simple depth discharg1:: r.elationship, such as Yer = vq2 /g. 
• 
------- - 5L __ .__ . - - -- , 
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1.2 E_urpose and Scope of this Inve$tigati.on ) 
The present i.nvestigation tries to es-tablish a 'depth dis,.. ------'t-- ...... 
, charge ~elationship by making use of the free overfall in a rectan-. 
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·" . ,, ~ uniform flow gives a simple dept~ discharge relatio~. It: is, sug-1 
f", 
_ge~ted that the ratio of.- end depth v~r .. sus critical depth, y· /y , ,· is' - · , 
-. . e er 
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The present _investi.gation was restricted to mild slopes.-· 
. ' Three different roughnesses were investigate9 •. '!be ch·annel width '4 • ''-, ''I, ·- " . 
... 
was kept constant at b = 17 inches. 
by Q. 08 Cf S < Q < 2. 2 Cf S • . 
Th~ range of discharge was· g·iven . 
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·- --1.3 Previous Work on the Free Overfall 
The most significant theoretical c.ontribution is by _ . f 
Bak-hmeteff (1931). Bakhmeteff was able to show that· the critical· 
depth.,~ y· , for irrotational curviline·ar uni£ orm flow is a function er 
· 'of the critical depth, ycr' for rectilinear uniform flow such as 
-
.. (1.1) 
"" - . 
. 
. 
~ The functional relationship does depend on the geometry of the cur-
... vilinear flow. Bakhmeteff used the flow of a free vor·tex for his /, 
analysis. , While the flow at a free overfall is not irrotational, the 
. ~. 
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.._, ___ ,u.-... -••• 
the curvilinear flow are assumed to be identical. Thus, '·a. functional .,, 
.. relation between the end depth, ·ye, and the critical depth; ycr 1' for 
.. 
, 
rectilinear u.niform flow exists. If a· relationship such as 
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. is found, the critical~ depth, y ·, wi11 be helpfu~_-~o establish a 
·, - er 
· •. simple depth discharge relationship. Experimental data must establish \ 
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•' Exper:tmen_tal .work by previous investigators verifte·d this 
, theory in general.; With a few. exceptions, however, the methods 
developed by earlier investigators for the determination of the dis-
- -
. charge were not entirely satisfactory for engineering use. It was 
possible. to compare the results of the presen·t investigation with 
data from previous investiga'tors. The present investigation ·has 
set as 'its goal the establishment of this relation given with Equa-
" 
·tion (1~2). Furthermore, thls relationship was used for the es-
tablishment of a depth discharge relationship. 
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FREE OVERFALL 
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2.1 Unifonn Rectilinear Flow 
v 
Uniform flow in ·a channel impli~.s go change of flow through-
, out the channel. Rectilinear flow is any £-low where no curvature of 
. the streamlines is ·present .. The velocity of the ,surf·ace waves equals ' 
' 
the ·cr.itical _~velocity of. the unif·orm flow" v . , which is the mean 
er 
. 
velocity occµrring at the· critical depth;· ycr. The pressure distri-
butior.t·· is hydrostatic. 
2 .1.1 Froude Number 
• 
-
·: · .. 
Open channel flow is customarily described b·y the· Froude 
number, F, which is' th_e ratio of the inertia forces to gravity forces,· 
or 
• 
V F =---yg yh (2 .1) · 
r -
1 
• 
. ' 
·J 
. I ·J 
:~·,, 
•. I 
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where v,,. is the mean velo_city of the flow, g is the acc.eleration of :f 
,/ 
•. gravity'. and yh is the hydrauli_~ depth: The hydraulic depth is d~fined . 
.. . by the area of the flow cross· ~ection divided by th·e surface width. In 
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the case of a rectangular c~c:1nnel th~_ ~epth of.-f.low,- y.,~ is identic.al ··-··-···· ------
with the hydraulic depth, yh . The Froude number· can also be considered 
• ...f 
·-· t, as the ratio of the mean velocity, v,. to the v~l~~ity of an elementar'}'---------------------·------ -. ,. , 
• f 
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theft Froude number equals unity the f lov1 is critical. 
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The most c·ommortly Jsed empirical formula for uniform channel ·' 
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(Forcqheimer, 1.930, p. 146): 
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1. 49 1b % s Y2 . (~ .2) V - n -
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where. Rh i~ the hydraulic radius given by 
-~ 
A 
- _.; 
= -p (2. 2a) 
A is the cross sectional area of the flow and P is the wetted perimeter. 
S is the channel slope and n is a term for the roughness. From Equation 
(2.2) the critical uniform slope can be calculated as: 
~ 
\ 2. 1. 3 
~ 
n Q p 3 
S er 
er= 1.49 A E{3 
er 
~ fl 
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Specific Energy and Critical D~pth 
r 
·(2. 2,1;>) 
I 
'. 
.. ;/11 .• 
A useful concept in d~cribing ope.n channel flow is the 
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where q is _the· discharge per. unit width. Differentiating the specif_ic 
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by Equation (2.5), for the depth of fiow, y, -in Equation .(2.6), gives I 
v = 1{gy, the Froude number of unity. Hence, the velocity in· a flow 
1 
t 
~ 
t 
. ~ 
. u 
-------+ 
t 
- · ·with minimum energy equals· the velocity of ~urf ace waves. The depth i i, i 
.. ~. 
, ... 
with minimum specific energy is, by definition, the critical depth. 
·Hence, 
,and· 
.. 3 . . 
= v~ 
~ 
3 q = y ! g 
er 
0 
Q = lly 3 g b2 
. I er 
.. 
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where Q is the volumetric discharge and p the channel·width. 
(2. 5a.) 
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2\2 Curvilinear Flow 
--- - /\ Due· to centr.ifuga_l forces t~e spe~Jfi.c e~erJr -~~ntent ln · 
.• 
concave flow is ig,creased relative- to the specific energy content. of 
·p' 
uniform rectilinear flow; it is decreased in the c-ase of convex flow: 
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of a free vortex f'low by Bakhmeteff (1931)-. 
:, 
. . 
\ 
-9- (, ··-·· ·.,.. . 
n· 
.. 
. '·, 
.,_ .••,• 
'Li. _ _.,..J •. ·~oo• 
.-"'/,_..,.,,.~' 
. . .,. ... .,.-""' 
·-- ____ ,._ --'-·---·--- ------~~-:;-::.-:· 
. If 
·---. ,_, 
.. •·. 
/ 
>'. 
_,,,__.,.._ 
V 
. ·,.·, 
,/ 
. -. 
/ 
. e,.. • ....., . 
.,. ... 
.. 
. .. " 
·-- ··•-·_.._ _____ ·-·,v·-· •• -•----- ···--·• -- • • -----~---, ~------- ' .,...:...,----- ·._. ·--
.·-~---! 
. ' i 
' . 
. · l 
i 
! 
--..... 
- ,--,...~,.,_-~..., .. ___ _ 
. . 
r' • . 1 
.{ 
I 
\ 
' ~ 
. ;: ... 
-r-:· 
' /_./ 
-~ 
----'···-·. --~·-.- - ~--= ::.-~:.::;;_ -~~ ·:. -·- ·· .. ;.:.:· ·:.···. · ···:· -·. ·_j_2 .• -2 •. 2 ,----,Nonun.i-f orm--Ctt-r-:vil-ine~ar- .::Flow -·---~--~-- ~:.:·-·:::.::~,-·.··:.::· . .::~::c--·-···-·.-" .. -··_.-- ... ·-- ----"'.-. ·,.-:·: .. -:-:-:=··-~--: ·---~---:...·~:~·~·-=· · ,:~:·_-:';:::·--=··:~-----c-·--: .. · 'I 
\. 
In nonuniform flow the streamlines are no longer parallel,"-
, . 
.... 
. ' 
... :_ J .... 
Th_e occurring cbanges .of velocity over the ~cross sectional are.a of 
-- -------· 
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... -------------·-------..,....---------·-------'--~~--------- --- ---
' {i 
·-·· 
_..,· 
flow cause a pressure distribution which -~s non-hydrostatic~ It. is 
/ 
reasonable to asstime that the pr inc ip le of spec if ic energy content in 
nonuniform· curvilinear flow is basically similar- to·· the one aforemen-
tioned. 
.. 
.. ,, 
2.3 Flow at a Free.Overfall 
' In a long. channel _with a free overfall the flow far upstream 
·from the fr-ee overfall is· uniform. - As _the flow approaches the brink, 
• 
the depth of flow decreases until the niir\imum depth ,_occurs at the over- · 
- -
fall itself; Hence J varied flow occurs (Figure 2 .2). 
2.3.1 Gradually Varied Flow 
-
·rn gradually vari_ed flow the change of velocity from section 
-,-
') 
. to· section is insignificant., consequen._tly, ·the in£'1uence of curvature is 
negligible and the pressure distribution i·s s""till. hydrostatic. Rouse 
(1936) found that in a channel with subcritical flow the pressure dis-
.~-
' 
~ribution does not d~viate frqrn. ·hydrostatic _u.ntil the critical, dept-h,-_ 
y er, for uniform rectilinear flow occurs (Figure, 2 .2). B'Y definition 
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crease of spec if1c energy. Since· no energy is added ·from outside, 
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---···. 2 .3.2 ~apid Varied F.!ow 
In rapid varied flow the change of veloc.ity t~kes place at 
' ) ~ 
\, 
. 
•• a relatively high· raJ:_~e such __ th_at __ ~the __ e_ffect.--0f----fl-ew -cu-rva-tui"e-b-e-comes --~- --- -·- ------------- . 
signif_icant. , Resulting changes· of velocity cause a deviation from the 
hydrostatic pressure distribution (Figure 2.2).· As the overfall i~ ap-
i proachecl, the rate of .velocity change is increasing .. Hence, the 
/ 
~ 'I 
Jr deviation fr~m a hydrostatic' pressure distribution :increases also till 
zero pressure occurs at the edge of the overfall. However, due to·the 
'!I 
-- _ ______...__~_.___- -convergence of the streamlin.es some internal· pres~sure ·in the overfall 
section still remains (Rouse, 1936, 1937-). 
l-2 .3 .3 Conc.luding Remarks ·· 
From the foregoing it is seen that the f'low a.t a· fr~e~ over.-
. fall is essentially a curvilinear flow. . . ' The-~ occurring curvilinear . 
' . . .. ~ 
-
-
flow is convex and hence, the_critical depth, ycr' for this type of 
curv'ilinear flow is expected to be smalle_r than the critical depth, 
y ' for U'nif orm· rec ti linear flow .. Fur:thermore' since the flow is er 
. ·•-" 
. --. --
" 
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significantly accelerated, a non-hydrostatic pressure distribution n ; 
occurs. 
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-
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From Figure 2.2 it is seen that the curva.tu-;t'e of the stream-
' ~ lines is continually increasing as the· overfall is approaeh~d .. At the 
... 
sectioh with the·· critical --depth;· y . , . for uniform rectilinear flow. the. . . · , Cr · 
. ··- ..'....-~-- -- -
_ ·' __ ,,~-=C,c_·,.. .!!.t~iffit1JI1 __ ene.r_gy_ C~Onten-t,- for- ~t~·i-s type·-· of -·flow_ is pre"serit. Any further 
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particular type of cu~vilinear flow which occurs at ~:he considered · 
..... 
.. 
' . 
. . 
-11-
,, 
•:.I 
-, =· 
. ··"'· .. 
i • 
l · 
; 
1 
; 
,. 
1. 
l 
' I , 
.. 
r, 
-·~ ,, _...., " '"''{/'~·- . 
-·--·"'""-·•·' . -.. ~----- ' .,.,,....-,l<).-... .. ___ ~--~-~,-.. --------~- ·------- ____ , ____ ....., __ _._ .. ____ .... _. ___ __.,,.__,...,.. __ ~-- ... - •. ·- .. ---~···--- ···-·-- ·---··-··· --
.{ 
/ 
"·· 
', . 
. . 
·section •. The( enddepthl/y-, 'th.en must be the cr:itical dep·th,y· 'for 
· e , ·· .,er 
the curvilinear flow occurring at the brink. ft is concluded that a 
;-change from_ subcritical -flow to supercritical flow at the free overfall 
/ 
is imposs-ible. · From observations on the .. free overfall, however, it can 
be se~n that the velocity of surface waves is·less than the.critical 
. - {' 
velocity, V , at· curvilfiiear flow. 
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---· 3. REVIEW OF LITERA'IURE 
.~· ----------------< 
~---· ---. --
~;.: 
. 3.1 ~mpirical ~crr111u.las for Open Channel Flow ./ 
/ /. 
Chezy's (1775). equation is probably the oldest co~only-~ac-
, '. 
cepted formula for uniform open···channel flow ,(Morris, 1963, p. 86); it 
is given as: 
. ' -
'! 
v=C~ 1,_ ... (3 .1) 
',«. 
,. . ,,. 
,,-- where C 'is a. ·roughness coeffic.ient. The formula most frequently· used 
- (2 .2) 
. Since th~ a_ccuracy of the aforementioned formulas depends to 
a -la·rge extent upon the exact ·knowledge of the roughness coefficient and 
·- - . ·. 
,1 . 
. --· - - ~-".c--:~-- . .. .. the slope - both rather dlfficu1t to· be obtained precisely ..:. other mea-- .: .... '< -- -- -
' 
suri11g devices like weirs a_pd specially designed flow meters (i.e . 
. Parshali flume, San Dimas flume, etc.) have been explored~. --Most of the 
. , 
weir formulas have the form of 
_ .. 
..-· 
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• .t 
- - - .. .... .. . . . . . ..... .. . ...... ··.· ...... · ... · ........ _·. . . q ;;;: {c q) (~onst ant) -o/1.z) 
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---· -----~-------------~---. ------=-----------. ------. _-____ _ 
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- --------------:-· ----~wh.er_e .c __ .is _a _di.scharge_c_oeff.icient and H· the. h.ei.gh.t ___ above the crest. :-
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Weir formulas of this ·type are reviewed by F·orc~heimer (1930, pp~ 373-
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- · -- ------ ~ -·------~ "___ ·--The other flo~ meteu (Le. Parshall flume,: San Dimas flume, -- -- - ---
·-··-- ---·---~ 
' - . -
~e~c.) make use of the measurement. of the critical depth, ycr' since~t ____ _ 
,;;··.·· 
offers a simple depth disch~arge relationship such as: 
Y· 
,-.er 
-
s-----
( 
--- 3 .. 2 !xperim~ntal Studies of the ·Free Ov.eriall 
'" 
· (3 .3) 
·t· 
' 
It is not possible to revi.ew all papers dealing with the free 
overfall. Only such investigations are djscussed which are considered 
. 
to be of importance in the.present inveqtigation. 
3.2.1 Depth Ratio y /y .for Channels with Mild Slope 
e er 
-. _' ~ .. __ _..,. 
Rouse· (1936) studied the discharge characteristics of the 
free overfall irt channels with mild slopes~ He found that the pres-
. ' / 
.. . . 
sure distribution is no ionger hydrostatic- as· ~he· depth of flow de-- ·· 
creases below the critical depth, y , for uniform flow {Figure ·3 .1). 
. _ er 
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· Fig. 3·.1 Pressure Distr-ibu.ti:on;·at the Free Overfall 
(after., Rouse) . 
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---------·-'c~------=~,,---~---~-.---1.t was cone luded that the _d-istance_, _Der; between the critical· dep_th '. -~ c.r, 
.-
and the end .depth·, y , is equal to approximately four times th·e crit · cal 
- - e -
"'' \ 
·, . 
·depth, y • This holds true only for rel.ative~lY-----smooth--c-hanne-1-s-. . -· --+------'---------er 
• - I 
, Furthermore, it was shown, see Figure J·.1·, that tl:te pressure 
4
at1 the crit--
. . ..... . 
\ 
\ 
'.\ 
: \. '· 
ical depth, y. , _is triangularly distributed: Therefore, Equation (3.3)-. er -
• 
. . \\ 
for the critical depth, y , is still apl)licable. Numerous. measuremen-ts' er \ 
, by Rouse give, evidence that the ratio bet~\en end depth,' Ye, and critical 
, 
. \ 
depth, Yer' is 0)15 regardless of the rate ~ discharg~ and the channel 
width. Hence, a ·functional -relationship critical depth, y , and 
- · _ er 
" end dept4., Ye, at the free overfall is ~giv·en by 
.. 
1 
----
- 0.715 Ye 
_ \. 
. :\ 
.. 
(3. 4) .. 
. l 
Substituting Equation (3.4) into 
• 
(2 .8) 
--.-•. - . - - ---- - - ..... -- -~- - ---- - --·-- ~..._,_ ·---~->- - -- •- -
---- - --'---· __ ..._ __ . - - -. ----- - ---·-
_,;.-• 
,' .· 
:give:s a depth discharge relationship such as: 
3/: 
( y ") 2 -Q ~· g b O . ; 15 -
· _ _ ,.3/ _ . 3 
1. 654 & b Ye 2 = 9. 4 b Ye Y 2 (3. 5) 
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-S-ince Rouse has limited his investigation to .mil-d-s.lop-e-S--Oaly,~-~-----·· --------~~ 
-· - -- can be said about conditions in a steep channel. - Furthennore, Rouse . 
that Equation (3.5) holds for .'·'reliatively smooth channels11 • 
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• • A detailed ·descr:i,ption of the pressure distribution a·t a fr·ee 
overfall ts also given by Rouse (1937). As s.h~wn by Figure 3.2, the 
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fully convex distribution at. the crest, where y 
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Pressure Distribution at the Free Overfall (a) Critical Section, (b) Intermediate 
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Depth Ratio y /y ~ and Froude· Number F at the End e er e 
-2,ection versus Bottom Slope 
Experiments carried out by Fathy_ and Amin· (1954)' on a free 
overfall showed· that the end depth, y , -j_s a function of both the dis-} . e. . , . 
' . 
. . 
charge, q, and the bed slope, S, and has the form of": 
.---------.- -- ·-- - -
------- ---- - - --- -- - --
-----------'---'--~--'----~--~--------=----=----~·~~-----
3 ' . ' . . 
Y' ----·-·=----U-- -~  ·----·-·-K--y··,;.__ .. ___ -:--·--------. -.---·· --·. ----'-~· ~-·-··-"··""'"<''-·3''" .6 .. ) .. r-.v~-· 
... -
.. e- g er l 
_K is a function of .the bottom_ slope_.__ f_µ~ therinor·e· __ ,_ the Froude number·,- ----
. ~ ..... , ...... _ .... ~--,··--··· -·· - _____ ,_.,,.~-,,-- ·-----·----·, ...... ----· ... . 
_ ., • u•• • • ••••" ,_c...,~~, .. , .. ,-~-~...,..,__,.._. __ .. _ __..._.,, ... 
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Equation (3.4) by-Rouse (1936), it can be seen that Equation (3.6) is 
6nly ~ generalization of Equation (3.4) for a variable slope. For 
------ ;-----her-iz-ontal channels good ·agreemenE ____ i_s-fot.rnd between Equptions (3.4) and 
(3.6) since the ·coefficient K from Equation (3.6) is. close to 0. 715 as 
seen in Figure 3.3. Furthermore, it should be mentioned that Figure 3.4 
represents a replot of Figure 3 .3 since the substitution of Equation 
t( 
-
-·---
(2. Sa) into the depth ratio y /y results in e er 
' 
. ------------- -
-- - --- -
-
-
3--
•l 
.. 
·2 F 
e 
(3. 7) 
• 
), . 
..... ,,, .• ., ... , .•... -,.c·••· •• . --- . -...... "·---··""". ---· ~ ··--· - .•.. 
Deptl:J. _ Ratio Yefycr Vt?.rstts_DiffereD.Ce of- Slopes (S :- S~r) 
' . y· .. 
Cat~steris a·r{d ·carter (1955) , indicltel, that the two-dimensional 
.r"' ::,,.. free·overfall is a limiting case of the rectangular weir with zero 
' 
. ... 
-17-
l . ' 
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-
' . ~ ,~ - ' ' ;·:_.J .. ·/~-· 
- ,-.-: ..... 
' J 
• 
: .. · 
I , 
, ... 
"' 
. . 
height .. ·Since ·~he rectangular we1r is. a COQtrol- s·ection," the flow 
·" 
.~_harac.teristics ··~r_e u~~q-~ei:r_ df:~ermined .~Y. it_~ __ geom~;tr_y ,. viscou~ £_~_;_~~~~-- --~----
--
~--·~~· ·----
----~ - -r----------- ------ . -and th~ capillary forces. Neglecting capillary forces, the influence 
,. 
of geome~ry and viscous forces was d~icribed as 
I 
· and 
r 
·' 
" • I I , 
y 
e .. = f {S - S ) 
Y er_ er 
D 
er 
Yer 
. _(3 .8) 
(3 .9) 
where D is.the distance between the critical depth, y , and the end er er 
depth, y. Carstens and ·Carter (1955) also quote findings of e 
T·. H. Prentice ("Hydraulics of the Broad Crested Weir'_', M.S. Thesis, 
'. 
Department _of Civil Engineering, :columbia :University, 1935) that the 
J 
', -: 
• 
. · ratio ye/ycr = 0.(_12. -Furtherm~ra,·-it··-is e::i:fient-from Prentice's data··-· ·- - -~ -
that the length of he channel mu~t be somewhat in- excess of 20 times 
------~- . . . 
the critical-depth, that the free overfall characteristics can 
be cons~dered as a function of {S - Ser) 01:1ly~ . Since the ratio of 
y /-y could be predicted with such precision, the· free overfall c-an be e er . 
' 
used as an open channel flow mete~ which required on~y the measure~ 
\ 
ment of the, end depth, ye, for the detennination of the discharge: 
~-
---.-~.~~---· 
___ -.-~-·~_,_.,. --·---~---- ~~-~-.--,-,,- ·, .. ----·· 
--·-··------··---=---------:---:----:------:-:----,--~ - -----. .-~-... ~ ,·. . .- -~--~~,. ',- ~- ,,._. , .. - -··~-- --,--~-----· ,- -
~~~~-~~~~=~F~~~~=====~~====~~ 
·,.: ;,; 
. ~ . -·-
f 
... 
. '-, . 
• 
The value of y e/y er would be determined from Figure ·3. 5: •. 
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· . er 
· · · 
( 
" 
. ,.~ . ,•,:---;,::-
: . 
' ~ 
. 
' 
· in th~ischarge, the value· can be taken as constant for a given over-
. ~. , 
·lt · 3J, _ fall. Nevertheless, the value of g 2 /(ye/yc.r) 2 is a functi9n of 
' ' 
(S, - ·s · ·) and not the constant 1 .. 654 that Rouse presented (~ee Equation er 
(3. 5)). 
Carstens and· Carter. (1955) do not explain how to make -use of ~ ~ 
" 
·Figure 3.5 for the determ·inat'ion of the discharge. To en~e·r Figure 3 .5 
be known· which ~ the,·critical slope must • turn requires· the • in preVl.OUS 
I know.ledge of the disch~rge. ,. 
·n 
3.2.4 Depth Ratio ye/ycr versus Ratio· of Slopes S/S 
er 
The results of·an investigation by Delleur et al •. (1956) are 
shown in terms of y /y - versus S/ S . As can be seen in Figure 3. 6, e er - er 
", 
a single curve defines the relation .. The experiments included two 
differe·nt roughnesses; slopes· ranged from + 0 .03 to - 0.02. · The width 
( 
. 
of the chan·[!_~l, how~ver·~, was kept con~tant at 2 ft. 
. -, 
. . . , 
. 
., 
Attempts to use'Figure 3.6 result in the same problems as: 
encountered with Figure 3.5. 
3 .2-.5 Depth Ratio y /y versus Pressure Coefficient a at e er 
the End Section 
... 
- .t ____ - -- --- - - Rajaratnam and Muralidhar (1964) studied the end depth for 
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;-, ,,. 
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For a rectangular ch~rinel s ~bind t = 1. An analysis conducted by 
' 
Rajartnam and Muralidhar (1964) yielded an expression for the pressure 
coefficient a at the end section in t.erms of y /y -. Hence, the pres-
. e er 
sure coefficient can be calculated. A graphical representation is 
.~ 
; 
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.. ·4 ~· ---~xPER.tMENTA i. EQUIPMENT . 
.• 4\ND PROCEDURE · ~ · . t : 
-------" 
4.1 . . Description of the Testing.Facilities 
~ 
The present experiments were conductff'in a· .. channel located .. . 
.,._,in the Hyd~aulic~ Labo~atory of .l,ehigh University. The facilities 
described are sh·own in Figure 4 .1. 
4.1.1 Water Supply Sysfem 
havf ng a 
The 
1
water supply system consisted of a"centrifugal pump 
capac~ty of 1850 gpm under a head- of ?.O ft while ope:rati!lg 
at 1750 rpm. The pump was driven by .a 40 hp electric mo~or.-.The 
water was pumped from a subfloor sµ~p_ into a constant head tank, where 
the water surface of constant elevation was maintained by an~ overflow · 
. 
device. From the head tank the water flowed by gravity through s~lnch: · 
pipes to· a tank equipped with stilling baffles. The flow then ent,ered· 
a rectangular open channel, 24-ft long and 18-in wide, the bottom 
.. 
. slope of which was .f i-xed. . Inasmu.ch,,;a'S' a change of the bottom slope 
was needed, a test channel ·with. a free overfall was installed in the 
existin~ charinel. To provide a smooth transition onto the test 
channe~> a· false bott(?m with constant slope was insta·lled upstream from 
- ~ ·. the test channel. After passing the free overfall the water flowe.d 
. 
. d·own. into th_e__s.ump. The.---<li~scharge was de-term-ined by means--of-·a Ve:ncu~r.~t. ~--· - . 
' meter and regulated by a valve, both being in the supply line·~ 
• 
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the mid-p~ints of ~he channel a.nd near the overfall.,. The test channel . 
had ;1 i'ength of 8 ft 10 in and a width ·.C?f 17 in .. Th·e walls ·and the 
... 
bottom of the test channel were glass. · 
. \ .. 
;'I- •. , ... .-
• 
"' 
' 
. 4. 1. 3 Measuring .Devices . , . 
'!be volumetric rate -of 'flow was determined ~ith · the Venturi 
met~r mentioned in paragraph 4. 1.1._ The meter had a length of 4 -ft 
and a throat diameter of 5 in. The rating equation from calibrat.ioq 
•· I ' 
of the unit is 
-.~ 
o-s:22 Q = 1.05 £nl·· '·· . (4.1) 
:,.,. 
where Q is the discharge rate. in cfs and lffi the difference of head 
in feet of water. 0 I 
\ 
,\. 
The water depth in the. test\c·hitnnel ·wa.s: me.asure·d with a· 
- \ point gag~ as shown in Figure 4. 2. The vernier scale -~!lowed depth 
. ' 
,_ 
read·ings wi,th an ·accuracy of 0.001 f.t. The point gag.e {~as mounted on 
a carriage. Readings at any arbitrai;.y: __ :po_int along the test channel 
"'· 
"'-.. 
were made by moving the carr·fage. 
,,....,· 
-4.2- Experime-ntal Proeedu,re 
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As can be seen from Figure 4.3, the __ experiment was co,nduct-e.Q_ .. ___ __ 
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Then a flow with a gi·ven-discharge·was: se·t. 
. '"'!ii 
K~·epi-ng the .slope· .c·on.~ 
,,• 
stant, elevations of the water surface were. taken for a given dis;. 
.. 
> . 
charge rate in the same manner-. Th·e difference b.etw.een bo.ttom and. :·cor~ 
• 
responding_ surface readings yie·lcled the desired surfa·ce pr.ofile·s. Th-e 
maximum discharge was approxima'l:ely· 2. 2 cfs. 
ranged between. horizontal and 0.38%. Three different. -~--had.nel surfaces, 
---
. . 
that is, glass, ·canvas, -and a sand paint, -were u.sed~ -------A-11-_slopes-·wer_: .. - --- · -
. .. 
subcritical. The range of the slopes used increased slightly as th.e-. , 
channel roughness l·ncreased. · A computer .program was ci~veloped to calc·u- .... , ..
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4. 3 .1 Manometer 
At discharges larger than 1.5 cfs pressure fluctuations 
.. 
.. 
were noticed in the 
,.,.-" 
.c. !). 
manometer .. The flue tuations of each meniscus 
:_ ... 
1 h \ was not arger ta~ 0.-03 ft and occurred si.mult·aneous1y. Hence· .n:o ' ... 
. ) 
\ fluctuat~gns in the 
used . 
discharge were caused.. Average readings were 
. ,. 
• 
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·4.3.2 
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Wall imperfecti.onsof the test channel caused small surface 
waves. As a result, fluctuations' of the water surface wetre observed 
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' ~ 4.3.3 Length· of Test Chan?el •. 
,• 
' 
·' 
- ,r.-'". 
The channel had to -be sufficiently long so, as ·to· ensure 
" /~ GI 
that the characteristics of th~ free ov~rfall were a function of ~ -fr'''.''" 
. 
only discharge, slope, apd roughness. The present test channel was 
. . 
8.83 ft -long which was equivalent to 20. 6 times the maximum critical 
I .• . • • 
depth. This is in accordance with the requirements given by. Carstens · 
. ' 
.. 
,,, 
and Carter_ (1955) that the length m~st be somewhat in -excess of . 
20 y . The good correlation found in the present study between the er 
• 
end_ depth, ye' as a ·function of .di·scharge; ~lope, and roughness and 
thei;:critical depth,. yet' as a function o.f di~clia~ge only can be taken 
-
as a verification of this conditton ,(see Section 5). 
4.3.4 Nonnal De£th 
.•, . ~ / 
To apply the Manning equation (Equation (2_.2).) the normal 
,, 
depth·, y , has to be known. However·, surface. waves were caused by 0 
.. the change in channel width at the entrance to the test channel. The 
waves did not disappear over the rela1:ively short reach of the normal 
... 
depth (se~· Figure 4.4) .. Hence, a·n exact determination of the normal 
-~---~ep#i--w,ls--d·i:-f-fi:-cult. . Th~ormal depth was taken to be cne a,ferage 
a -• - - -
I 
I ..J 
I 
\ .. 
. ' 
of all dep·ths upstream of a .s,~~tion wJ1e.re a.-n a4y~:r~~ s11rfae_~ slq_p_e_ ___ 
first occllrred, or (y~+l - . -y.) < 0. · The normal depth obtained in 
l. . 
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. 5.· ANALYSIS OF ~PERIMENTAL -RESULTS. 
. . 
.,. 5.1 Functional· Relationship Between Critical Depth and End D,epth 
In the following paragraphs a criti~al depth, ycr' versus 
end depth, y , . relation is discussed first. Then/ a dimensionless 
. e . . ·-- ------~-----·- . 
,relat.~onship of (ycr - ye) is considered, which is compar~d with·-
• I'·, 
~· 
data from other investig.ations. · Finally, the developed critica1~-
depth/end-depth relationship is applied in the· di{termination of "the· 
discharge. 
~ ,, . f. 
.5 .. 1 ~ 1 Critical D~pth versus-End Depth 
.•. i 
From Bakhmeteff (1931) it can be inferred. that the critical· 
depth, ,ycr' can be plotted against. the end ~epth,, ye,, for equal dis-
: charges. In this.way~ relatio~shi~ of yci = f (ye) can be studied. 
---
Also,' possible influences of bottom slope and roughness were investi-
.. 
gated in this stu~y. This was done by compar.ing ycr _v.ersus ! e relations 
obtained for different bottom slqpes and r·oughne .. sse.s. 
In Figures 5.1, 5.2, and 5.3 the critical depth, ycr' is 
\\,.,.. 
' .... 
L: 
>.- plotted versus the end· depth, y , taking into·account th·e above· con·~ 
.. , e - . 
siderations. A statistical analysis (available in Fritz Engineriring 
La~_9ra tory ,· Lehigh University, Library No·. 354. 401) was undertakento 
to correlate ·Critical depths·,; y , with corresponding end depths,. y , 
·. . 
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It may be noted that the correlation coefficient for all 
data combined was cR = 0 .895 which is still rather good taking 
intq consi4eration the difficulties encountered. 
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~ -----------aouse--{1936)- has giyen a relation for cllannels with mild ( . 
bottom slope, which is 
- .. 
... 
'! \ 
1· 
(3.4) 
-'ibis relation is compared with the results ·of ebe present investigation .• 
. ' 
- "- ~ . 
. It is seeri in{igure 5. 7 tha~_ the data of ~he present expe.riment lie 
. ''' . ''. 
somewhat, below the relation as given by Rouse (1_936). 
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In Figur~ 5.8 _the experj.mental data reported b.y Coury (1967) ... 
' are plotted. Coury' s data were obtained from ·experiment~ with two 
different channels. The_ maximum discharges __ we-re O. 76 cf s in the one 
~ ~ 9tannel and 2 .01 cfs in the oth~r. Further information on the ch_annels 
. 
-.· is given in Figure 5.8. . rt can be ·seen that Coury' s ·data were usually 
- --- - - - --
-· ----•· ·-··--·--·· 
.• 
. higher than the data of. the _pxe-sent.-tests.· However, Coury' s data show - ·- r --\ 
considerable sca~ter. lliey do not necessarily indicate. a constant 
; coefficient. The data of Coury's exper~ent in Channel I with S = 0.0 
for example, defin~ a single .curve with variable slope. 
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which was given by Carstens and Carter (1955) and Delleur (1956). 
. 
, 
- ::-~As..suming· an end depth;_ ye'· and a bottom slope, S, and .entering Fig~---~ 
.. 
·.• . 
·• 
· -ures 3·.5 and 3.-6, a eorresponding.set_of va·1ues for .critical slope, ' . 
' ~Y-Ser' and critical depth, y er' ca~ be computed·. The unit disch·arge, q, 
::;: , 
. I 
can be determined by 
. i 
t. q. ·.-.... .,. . ._··. - ,y ; •. c,r· Yer= . (2. 7). 
.. ·. 
G5-° 
equation (Equation (2. 2)) a relation for . 
the 
. With· the Manning 
\ b' •. ' ·• 
roug -ness, n, is given as 
---~~-~ 
.... 
(5_.4) 
,-
.. . 
. 
·where the critical velocity can be obta·ined from Equation (2. 7). With 
the pri,,nci~le of continuity or·. 
·d 
• 
q =vy -v y 
o - er er (5.5)" 
... 
... 
where v has to be calculated from the Manni~g _equation {Equation (2 .2)) 
P .2y + 1 
· 0 0 by a trial and error method -\= A= · . l , the ·normal depth, y
0
, 
------ ---- --~ - ----- - ·--- -- · o Yo -- ---· ------------
~' 
can be determined.r . Hence, the ratios of y '/y and y /y · can be er o e . o . ·: 
-
.. determined· ·and plotted (computations are avaiable in Fritz Eng·inee:;r"!9: 
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Figure 5.10 is a p~ot of data derived·for the paper by 
.- Delleur (1956). A single line is well defined, which lies somewhat ~ -
. , ••. Ji 
-- t • 
above the function of Rouse (1936) • 
... 
Concluding this section,. itv can be said that the slope 
of y cr/y O yers1rs-y~/y O -i~ -approx_itnately constant and is given as: 
! 
.. . 
.Yer 1.28 Ye for 
· Yer· 
1 -
- < ,. 
Yo Yt; Yo . 0 
i Comparing the val.ue~-- of_ tb,j.~_ ~9p.stant for th~ ''-~t"j.Qgs __ in- ________ ------------~---- __ 
vestigators, some scatter is observed-. 
Some thought was given to the possibility to correlate the 
data of all investigations. To make sure that each. exp~riment has 
the same influence on an overall regression coefficient, the quantity 
and quality of· the data from each i~vestigator should be the same. 
Since ~his is very difficult to achieve with all data, such a cor-
relation was not undertaken. Q .•. • 
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the disch~rge~ .. i~ a. rectangular -cha~~~-i with a "free overfall can be ~b·=-·· ---· 
tained as follows (see Figure 5-.11) :·. 
\ 
·,. 
-~ · .. 
~-
., 
:.....-• - . 
- :..-·· 
,· . 
.,·. 
. (1) -.Measure: 
~ 
(2) 
-
-
__ The end d;rt~, y:- (at the overfall)·, 
.e 
. 1 ~ 
.. 
The normal. depth, y (far away from the overfall· so . 
.. 0 
that y
0 
may safely be assumed), and 
.7he width of the channel, b. 
Calculate the ratio, ye/yo. .• 
.. 
(3) De.termine the ratio, ycr/y 0, from Figure 5 .11 or from 
(4) 
J' 
(5) 
• I 
y 
= 1.28 ~ y . 
•·'' 0 
. (5.2) 
Make sure· th.at the channel has mild slope by checking 
I 
• 
Yer 
1 •• ·cs .2) < y. 
0 
• 
Knowing the -end de'pth, y , and the channel width, b, 
' e - . . 
the discharge can be ·obtained' {j\\ 
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- ___ It~~is-·obse.rved from-nrb~1~e-~5-~~-2-··· t:haf~·-t"he~regressiori. co~:f fic; ient s-, 
L 
CB' for experiments wi~h- a specified rou.ghness -and bottom_ slope equals 
1.2802 •. · An accuracy-of_ t1:e discharge, Q, of appro?Ci~ately ± 5% is 
· ,obtainable. '· J ... 
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. Furthermore; it may be noted' that ~quation. (5 .-1) .or 
\ 
, ..... , . 
___ J 
. , . , I. 
... 
! , -
. -----~------~-----11 ~ ------------------~-- --- ----- - ----- -- ----------- - - ------ -------p-··-----~·------- , 1.·, 
~ 
y-- = 1.2~47 y 
-er / . . · e · (5 .1) 
. 
. could be used in a _'similar way to.r.derive a depth ·discharge relation-
.ship at th·e free overtall. However, since ~quation · (5.1) is only valid.· 
for mild slope·s, a· ch.~ck for thls condition should be provided which-- is 
' 
not possible. 
5. 2 ;Func.tional Relationship$ Betw~en n·ifferent Parameters to !>e Compared with Ea!li!:_r Investigations 
J 
Plotting the results of.the present study in terms of pa-
, . 
. 
ram~ters used by other inv-estigators showed s~e agreement. How~ver, 
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to dete;rmine the discharge. 
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To: compare the data obtained in the present research .with 
the results of Delleur's (1956) investigation, the.depth ratio y /y 
_ 
_ r'\ . e er 
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., 
• rp ) _) . is plotted versus-th~ slope ratio S/S .r\· This is shown in Figure 5.14. 
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6. CONCLUSIONS 
f . 
' l 
;~ . 
The present· in_v~stigation was an experimental one. 
. The analysis of the data obtained in the present investi-
gation can be grouped in- three parts: 
.. 
,-'tl) .· A relationship between the end depth, ye' and the 
. " 
(2) 
... r,. 
(3) 
critical depth~ ycr' was <1-.~veloped • 
. 
The·rel~tionship,ye versus y . was.made dimensionless 
- · er 
by means. of the normal depth, y . The relation so 
. . . 0 
. 
obtained was compared with results of earlier in-
ve_stigat\ions .. 
A relationship betwee:n end depth, y , and the uni'.t 
e 
disc,~arge, q, ·was developed. 
This present investJgation is limited to mild slop~-s·. 
. . 
1 It was shown ·that the free overfall, can be tise.d ·a:s a simple 
_____ ..... _____ ,, ____________ ~----flow-m-easur-in-g device,. · A dimensionless relation given with EquatiOD. 
·-- -·-·-----
,' , .... 
Yer 
--< 1 Y. . 
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··- -- - - .. - - .. -----·--·-'----~-~-·-·---·-·------------- --- ·-----------·-"·-··-· -;,. 
•. 
_,, ___ _ 
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(5.2) 
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-
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f, . 
' 
- I -
shown in Figure 5.11 cl.lloWS, the dete;~illation o_f J:_h_~ <::;ritical depth,-
- - . - - - -·-,--- . L-~------______;__~-~--~-~~~~~-~~=-==:~~-~----=-----=-~ ,~~ ------··· ·-~~· ---:-:--'~-~ 
Yci:-' provided the end dep.th, 'Ye, and the normal'depth, y
0
, are known. 
; . "'' 
,. 
The discharge versus cr·itical depth relation is given as Equation · 
"' (2 • 7) ~or : 
". ! 
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